A laboratory apparatus was developed to simulate pressure, time of compaction, and layer thickness as applied in a bunker silo. Chopped alfalfa or orchardgrass was placed in layers of 0.15, 0.30, and 0.45 ensity is an important variable in maintaining silage quality and in predicting available feed on livestock farms. Previous research has shown that dry matter (DM) density in bunker silos is very variable, between 106 and 434 kg/m 3 according to a survey of 168 commercial bunker silos in Wisconsin (Muck and Holmes, 2000) . A high silage density is desirable to increase storage capacity and reduce porosity, thereby reducing oxidation loss and preserving a high feed value. However, obtaining a high silage density can be expensive because of requirements for heavy compaction equipment, prolonged compaction time, suitable layer placement, and thickness.
available for compacting silos (Darby and Jofriet, 1993) . Recently, other factors such as time of compaction, layer thickness, and silo height have been included to predict DM density in bunker silos (Ruppel et al., 1995; Muck and Holmes, 2000) .
To develop a more general prediction model, the relationships between density and the influencing factors need to be better understood. Previous experimental work was conducted by Laue (1990) who compared two tractor masses and dual versus single tires on the density of bunker silos. Bernier -Roy et al. (2001) evaluated the effect of two wheel pressures, two layer thicknesses, and the number of passes on silage density in a small (0.30 × 2.4 m long) bunker in the laboratory. These previous studies provided some information on specific treatment comparisons but did not provide general relationships between the factors and bunker silo density.
The objective of this research was to develop more general relationships between bunker silo density and various factors. The present article describes a laboratory set-up that was developed to simulate pressure, time of compaction, and layer thicknesses similar to those encountered in real bunker silos. Experimental data from chopped alfalfa and grass are analyzed and used to propose mathematical relationships that might be applied more generally to predict density in bunker silos. A second article (Savoie et al., 2004) presents data related to corn silage and discusses further model development.
METHODOLOGY EXPERIMENTAL APPARATUS
A platen press was set up to compress successive layers of chopped forage in a rectangular container (figs. 1a and 1b). (69 × 19 in.) . This tire size was the most common observed in a survey of bunker silo compaction reported by Muck and Holmes (2000) . The footprint was assumed to be the tire width by one-third the diameter.
The platen was composed of a 3-mm (1/8-in.) thick steel flat plate reinforced with a 51-mm (2-in.) box tube. The forage container walls were made of steel plates sprayed with enamel paint; inside horizontal dimensions of the container were 0.597 m long × 0.496 m wide (23 ½ in. × 19½ in.) and slightly larger than horizontal dimensions of the platen. The height of the container could handle at least six successive 0.30-m (12-in.) thick layers of forage.
The pressure was transmitted to the top layer by a hydraulic cylinder with a diameter of 64 mm (2 ½ in.) pressing against the platen. Four pressures were applied by the platen to the forage: 19.4, 38.7, 58.1, and 77.4 kPa (250, 500, 750 , and 1000 psi measured at the hydraulic cylinder by a gauge with a resolution of 25 psi, i.e. a resolution of 1.9 kPa at the forage surface). In addition, the mass of the platen and cylinder was 34 kg (75 lb) and represented a static pressure of 1.2 kPa against the forage. The total hydraulic and static pressures were therefore 20.6, 39.9, 59.3, and 78 .6 kPa, respectively. The total pressures were rounded to 20, 40, 60, and 80 kPa, respectively, for purposes of treatment identification in tables and figures.
The most frequent pressure used experimentally was 40 kPa. This pressure was comparable to the average pressure applied by four equally sized tires from a 4600-kg (10,100 -lb) tractor, considering the same assumptions as previously described regarding tire size and footprint. The range of 20 to 80 kPa used in the laboratory was expected to cover the likely range of tire pressures in real bunker silos, considering a wide range of tractor weights, tire sizes, and front-to-rear weight ratios.
EXPERIMENTAL VARIABLES
Besides pressure, two other variables were controlled: layer thickness and time of compaction. Other variables such as moisture content and length of chop were not controlled but observed and quantified.
Layers of chopped forage were laid in non-compacted thicknesses of 0. 15, 0.30, and 0.45 m (6, 12, and 18 in.) . A thickness of 0.30 m was the one used most frequently because it corresponded to common farming practice. The mass of forage was adjusted experimentally for the initial layer at each test date and for each thickness; subsequent layers were of the same constant mass.
After each layer was placed in the container, the platen was lowered at the designated pressure over times varying between 1 and 10 s. The most frequently used time of compaction was 5 s. This time was designed to represent four passes of two tires of a tractor moving at 3.4 km/h, assuming a 0.584-m footprint length as explained earlier.
After compaction, the forage was left to relax about 1 min before the next non-compacted layer was placed. This time interval between two layers was shorter than the one usually observed in real bunker silos where typically 4 to 12 loads per hour are unloaded, spread, and compacted (5-to 15-min intervals). However, empirical observation indicated that much of the relaxation occurs a few seconds after passage of the packing tractor. In the laboratory experiment, the compressed and relaxed heights, as well as height after adding a new layer, were measured to estimate the compressed, relaxed, and pre-compression densities, respectively.
On a given day, a series of compaction runs were performed by varying one of the controlled variables: pressure, layer thickness, or time of compaction. The standard conditions were 40 kPa, 0.30-m layer thickness, and 5-s hold time. All the forage for a given day was chopped with a commercial forage harvester, usually set to 10-mm (3/8-in.) theoretical length of cut, and blown into the back of a pickup truck for transport to the press. Two forage samples were taken per test and duplicate analyses of dry matter were made [oven-drying for 24 h at 103°C according to ASAE (2001) standard method S358.2]. The average of the four determinations was used for calculating dry matter density per test.
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS
Alfalfa and orchardgrass were mowed between 24 May and 29 August 2001. Seven experiments were carried out to evaluate the effect of pressure, layer thickness, and time of compaction on density. Each experiment included three to five tests carried out in a single day, except for the first two experiments, which were conducted over several days. Table 1 lists the seven experiments, 23 tests, and specific experimental conditions. Densities were measured at three stages: pre-compression, compressed, and relaxed density. In practice, the relaxed density is the most important variable because it represents the actual final density and the basis to estimate storage capacity. Statistical analysis was done only on the relaxed density.
A logarithmic model was found to fit well the experimental data of the relaxed density as a function of the number of layers compressed. The general model was:
where ρ is the dry matter density (kg DM/m 3 ), a is a parameter reflecting the density of the uppermost compacted layer, b is a parameter reflecting the increase in density with an increasing number of layers, and N is the number of 0.30-m thick layers (prior to compression). Parameters a and b have the same units as ρ (kg DM/m 3 ). For each test, parameter a was obtained as the measured density for the first layer (N = 1). Parameter b was estimated by fitting equation 1 by the least squares method with density data from all other layers while parameter a was fixed at its measured value. Multiple linear regression analysis was carried out to determine the effect of pressure, layer thickness, time of compaction, chop length, crop species, and DM on parameters a and b. Figure 2 shows a typical sequence of the densities measured in the laboratory starting with deposition (the pre-compressed density), followed by compression (the compressed density), and relaxation (the relaxed density). As new layers were added, the cycle of deposition, compression, The time of compression was generally counted from the time the designated pressure was achieved. For the tests on 5 July, the time 5+ was counted once the pressure gauge reached 40 kPa whereas time 5 was 5 s from the rapid rise in pressure. Repeated compression of the same layer is shown as in the example 2 × 3 s, i.e. twice three s. [b] Pressure was generally the same for each layer, with three exceptions. On 24 May, the 20-kPa pressure was applied three times followed by three times 16 kPa. On 25 May, the 40-kPa pressure was applied eight times followed by once 24 kPa in first test (40-); 40 kPa was applied nine times followed by once 48 kPa in the second test (40+). [c] A mixture of alfalfa and grass. [d] Alfalfa, grass and mixed crop were generally chopped short (10-mm theoretical length of cut) except on 10 July where particles were chopped long (19 -mm TLC). and relaxation was repeated; new densities were calculated as the average of the cumulative layers.
RESULTS AND DISCUSSION

DENSITIES MEASURED IN THE LABORATORY
A logarithmic curve on figure 2 is seen to fit relatively well along the relaxed density data points as a function of the number of layers. For this specific example (31b May), measured parameter a was 152 kg DM/m 3 and estimated parameter b was 34.6 kg DM/m 3 with a coefficient of determination of 0.870 (table 2) . For alfalfa and grass, the coefficient of determination to estimate parameter b in the logarithmic model was generally very good, with R 2 w 0.90 in 21 out of 23 tests. Table 2 also reports the lowest pre-compressed densities. The minimum value always occurred in the first pre-compressed layer because subsequent pre-compressed densities were the average of the upper uncompressed layer plus one or more compressed-relaxed layers underneath. The average pre-compressed density of a 0.30-m thick single layer was 72 kg DM/m 3 for alfalfa and 55 kg DM/m 3 for grass (values of experiment 5 were considered alfalfa because a large proportion of the mix was composed of alfalfa). Data were insufficient to estimate the effect of layer thickness on pre-compressed density that tended to increase with layer thickness (experiments 3 and 5).
The highest compressed density ranged between 138 and 339 kg DM/m 3 with an average of 221 kg DM/m 3 (table 2) . Out of 23 tests in alfalfa and grass, the highest compressed density was observed 10 times in the first layer, 5 times in the second layer, and 5 times in the last layer (sixth to ninth layer depending on test). (table 2) . Relaxation caused an average density reduction of 44% in the first layer. However as the number of layers increased, the effect of relaxation on density reduction decreased. The average value of parameter b for all tests was 31.1 kg DM/m 3 . After six layers, the average relaxed density was 179 kg DM/m 3 , 19% less than the average highest compressed density. If the logarithmic curve is extrapolated, the average relaxed density after 23 layers actually becomes equal to or greater than the average highest compressed density observed experimentally (221 kg DM/m 3 ). For each individual test, the theoretical number of 0.30-m layers required to reach the highest compressed density was calculated from equation 1 and parameters a and b. Values reported in table 2 show that this theoretical number of layers (N) varied between 13 and 169. In a real 3-m high bunker silo, the number of uncompressed 0.3-m layers would be in the order of 32 assuming a non-compressed density of 72 kg DM/m 3 and a compressed-relaxed density of 230 kg DM/m 3 (ρ ave. [ 123 + 31 × ln32). Therefore, the average relaxed density in a deep bunker silo is likely to be greater than the highest compressed density observed in six to nine layers in the experimental laboratory silo.
The Boussinesq equations, used by Zhao and Jofriet (1992) to estimate vertical and normal stresses under a silo compaction vehicle, indicated a reduced, albeit important tractor load effect to compacted depths of a least 1 m below the surface. The vertical stress s z under the line of action of a vertical load Q as a function of depth z is estimated as σ z = 3Q/(2πz 2 ). For example with a 4600 kg tractor weight spread evenly over four wheels (0.584-× 0.482-m contact area each), a uniform vertical pressure of 40 kPa is expected between the surface and a depth of 0.37 m while reduced pressures of 20, 4, and 0.4 kPa would occur at depths of 0.52, 1.16, and 3.67 m, respectively. The extrapolation of increasing density with increasing depth is also plausible because the weight of cumulative layers will exert, in addition to the tractor mass, a pressure on the crop as height increases. Validation of the logarithmic model to predict density requires observations in field-scale bunker silos with a large number of layers. Figure 3 shows the relaxed density of five tests during experiment 1 as a function of pressure between 20 and 80 kPa. The lowest pressure resulted in the lowest density, as expected. The two tests at 40 kPa were very close to each other, although one was done with forage at a low DM content (19.8% for 40+ kPa) and the other was done with drier forage (35.4% DM for 40-kPa). The densities at 60 and 80 kPa were higher than densities at lower pressures, and they were equal among each other up to five layers. The density at a pressure of 80 kPa became slightly higher than the density at a pressure of 60 kPa beyond five layers. Validation with field-scale bunker silos is required to evaluate whether the difference between two high pressures such as 60 and 80 kPa would increase or remain constant as the number of layers increases beyond the number that could be observed in the laboratory. This information would be useful to determine whether increasing the tractor mass is always beneficial to increase the density or whether there is an upper limit on the effect of pressure. Values of parameter a in table 2 indicate an 18-to 25-kg DM/m 3 density increase between 40 and 60 kPa and an additional 10-kg DM/m 3 increase at 80 kPa. Parameter b increased nonlinearly with pressure. Figure 4 shows the relaxed densities during experiment 2 for compaction times of 2, 5, and 10 s per layer. The density after 2 s was clearly lower than density after 5 and 10 s of compaction per layer. The difference was initially about 10 kg DM/m 3 based on parameter a (142, 152, and 150 kg/m 3 for 2, 5, and 10 s, respectively, in table 2). From the results of experiment 2, increasing compaction time from 2 to 5 s would appear to be justified, but not up to 10 s. layer thickness, respectively. The decrease in parameter b was consistent as the layer thickness increased but of small effect on actual density (about 4-kg DM/m 3 higher density with a thin layer compared to the thick layer after six layers). Grass was less compressible than alfalfa at a similar pressure of 20 kPa (24a May, a = 100 kg DM/m 3 ). More data are required however to make a general statement on differences between grass and alfalfa. Figure 6 shows the relaxed densities of experiment 4 where three patterns of time of compaction were applied. The treatment 5+, where a pressure of 40 kPa was applied for 5 s after the gauge had reached the desired level, had a time of compaction a fraction of a second longer than treatment 5, where the same pressure was applied for 5 s as soon as the platen touched the forage and before the pressure gauge had reached full pressure. The third treatment consisted of compressing each layer of forage five times for 1 s. The first and third treatments had slightly higher values of parameter a (138, 132, and 139 kg DM/m 3 , respectively) while the second treatment had a slightly higher value of parameter b (26.6, 30.0, and 28.6 kg DM/m 3 , respectively). As a result, it is difficult to observe differences between the three patterns of time of compaction. The total time of compaction is therefore more important than the way the time is spread. In practice, these results suggest that a slow moving compaction tractor and a fast moving compaction tractor are likely to generate similar relaxed densities if they are used for the same amount of time to compress the same mass of forage over the same area. Figures 8 and 9 illustrate results from experiments 6 and 7 where the same time of compaction was applied in three different patterns: once 6 s, twice 3 s, or three times 2 s. In experiment 6, the alfalfa was relatively dry (51% DM) and chopped long (19 mm). In experiment 7, the alfalfa was relatively wet (26% DM) and chopped short (9 mm). In figure  8 , the 2-× 3-s pattern appeared to result in slightly higher densities after seven layers. A high value of parameter b in this case (39.8 kg DM/m 3 ) explains this tendency. However, with wetter alfalfa in figure 9 , there was no trend for the 2-× 3-s pattern to produce higher densities than the other patterns. Here again, one could conclude that total time of compaction was more important than the pattern in which the time was applied, as in experiment 4 ( fig. 6 ).
EFFECT OF PRESSURE, TIME AND LAYER THICKNESS ON DENSITY
MULTIPLE REGRESSION ANALYSIS
In addition to the three controlled factors (pressure, time of compaction, layer thickness), three other variables (dry matter, species, chop length) were included in the regression analysis. A stepwise deletion procedure was used to eliminate factors that were not significant at the probability level of 0.10. This resulted in the following relationships: 
where P is compaction pressure (kPa), DM is dry matter (%), SP is crop species (1 for alfalfa, 2 for grass, and 1.5 for mixed alfalfa -grass) and CL is chop length [1 for short chop length (10 mm) and 2 for long chop length (19 mm)]. The coefficients of determination (R 2 ) were 0.830 and 0.566 for equations 2 and 3, respectively. Within the experimental range, layer thickness (0.15 to 0.45 m) and time of compaction (2 to 10 s) were not significant and eliminated from the final regression model. For alfalfa only, a thin layer increased mildly (7 to 14 kg DM/m 3 ) the density compared to thicker layers ( fig. 7) after six layers. However, layer thickness had a very small effect on grass ( fig. 5 ). There may be interactions between layer thickness, species, and pressure level. In a real bunker silo where filling may extend over several days, cell breakdown might also contribute to increase final density. More data are required to confirm impact of time of filling and interactions between factors on final density.
Similarly, the time of compaction had a small effect [about 10 kg DM/m 3 ( fig. 4) ] over the range of 2 to 10 s. With all other variables in the regression, the time of compaction did not have a significant effect. Bernier-Roy et al. (2001) compressed chopped grass and whole-plant corn for much shorter times using a rolling wheel of 0.721 m diameter × 0.165 -m width travelling at 1 m/s. Assuming a contact footprint equal to one-third the diameter (0.24 m), the time of contact for each pass was 0.24 s. During eight consecutive passes over the last uppermost layer, these authors found average increases of DM density of 49.9, 8.1, 3.3, 4.6, 1.8, 1.2, -1.4, and 2.6%, for the eight passes, respectively. They also determined that the DM density increase was statistically significant until the 5 th pass, and non-significant for the sixth, seventh, and eighth passes. Therefore, DM density significantly increased until 1.2 s of wheel contact, but not beyond.
In the case of parameter a predicted by equation 2, the levels of significance (probabilities) were 0.009 for P, 0.001 for DM, 0.0006 for SP and 0.0007 for CL. In the case of parameter b in equation 3, the levels of significance were 0.002 for P and 0.009 for DM. Equation 2 indicates that alfalfa had a higher density than grass by an average of 29 kg DM/m 3 . A longer chop length resulted in a lower density by 35 kg DM/m 3 . These results should be used with caution because of the limited number of tests, both in the case of grass and longer chop length.
The results point to the need for more experimental data, especially for variables that were not controlled in this experiment, i.e. dry matter, crop species, and chop length because of their significant effect on model parameters.
The average values of parameters a and b for typical factors (layer thickness = 0.30 m, time of compaction = 5 s, P = 40 kPa, DM = 35%, alfalfa, and a short chop length) are 131 and 30.9 kg DM/m 3 , respectively, based on equations 2 and 3. Using these parameter values and equation 1, the average relaxed density in a bunker silo would be 187 kg DM/m 3 for six layers (within the experimental range) and 236 kg DM/m 3 for 30 layers (extrapolation to a common bunker silo size of about 3-m compacted height). This latter density is similar to average densities for alfalfa measured in surveys of bunker silos (Ruppel et al., 1995; Muck and Holmes, 2000) . While even the extrapolated value seems reasonable, in-the-field validation is necessary to verify these results. A non-linear regression, notably for pressure, could further improve the estimation of DM density in bunker silos.
CONCLUSIONS
S A laboratory set-up was constructed to simulate pressure, footprint area, and time of compaction of a packing tractor on bunker silos. The set-up was used to control pressure, time of compaction, and layer thickness for alfalfa and grass. S A logarithmic curve fit very well the final relaxed densities as a function of the number of layers (R 2 w 0.90 in 21 out of 23 tests). S DM density of alfalfa and grass was positively correlated with pressure and dry matter content. DM density was also significantly higher for alfalfa compared to grass and for a short chop length (10 mm) compared to a long chop length (19 mm). Layer thickness and time of compaction were non significant in estimating the two parameters in the logarithmic model. Further data are required to understand interactions between the independent variables. S The laboratory set-up was used for only six to nine 0.30-m equivalent layers because of height limitations. The logarithmic model predicted that DM density would continue to increase as the number of layers increased. Inthe-field measurements are necessary to validate the model for a large number of layers (w30) typical in deep bunker silos.
